Integrating these geological and biological results, this study demonstrates that there are active cold seeps with methane expulsions in several anticline hinge zones east of the associated thrust faults in water depths of 800 -1500 m of the frontal syn-collision accretionary prism Kaoping Slope. The existence of these high potential active cold seep sites is also supported by the occurrences of distinct bottom simulating reflectors (BSRs), shallow Terr. Atmos. Ocean. Sci., Vol. 17, No. 4, December 2006 680 sulfate-methane interface and high concentrations of dissolved methane in bottom water.
INTRODUCTION
Methane expulsions from cold seeps, mud volcanoes and dissociations of gas hydrate have been commonly documented from both active and passive continental margins (Milkov 2000; Fleischer et al. 2001; Kvenvolden and Lorenson 2001; Dimitrov 2002) . In favorable geological settings, methane generated by variable sources may migrate upward along geological fractures, especially faults in accretionary prisms (Kastner 2001) . However, the expulsed methane could originate from dissociations of gas hydrate as in the Hydrate Ridge of the Cascadia accretionary prism off Oregon (Suess et al. 2001; Boetius and Suess 2004) or from hydrocarbon seeps as in the Gulf of Mexico (Kennicutt et al. 1985) . Gas hydrate is the crystallized methane and water molecule formed under favorable conditions of low temperature and high pressure. It has been found in the permafrost of high latitude regions (Dallimore et al. 1999) and in marine sediments several hundred meters below the seafloor in low latitude regions as shown by the occurrence of BSRs (Milkov 2000) , or even on the seafloor of the Cascadia accretionary prism off Oregon (Suess et al. 2001; Riedel et al. 2006 ) and the Gulf of Mexico (Roberts 2001) . For the last decade, the study of gas hydrate and fluid venting in modern marine environments has become one of the hot topics of earth sciences not only for its energy potential in the near future (Dallimore et al. 1999 ), but also for understanding its climate role as the release of the greenhouse gas, methane, to the atmosphere could cause abrupt temperature increases like the Eocene/Paleocene thermal event (Katz et al. 1999) . Massive methane release could also cause mass extinctions of marine fauna such as the event during the Jurassic (Kemp et al. 2005) , and it may also cause geohazards such as mass wasting in slope environments (Vogt et al. 1999) .
In modern marine environments, active cold seeps are commonly associated with the occurrences of pockmarkers on the seafloor, BSRs in seismic profiles, shallow SMI in sediment columns and high concentration of dissolved methane in bottom water (Borowski et al. 1999; Gay et al. 2006) . However, there are other geological and biological features associated with methane expulsions: 1) the occurrence of chemosynthetic community including mollusks and tubeworms (Paull et al. 1985; Sibuet and Olu 1998) ; 2) the existence of authigenic pyrites in the sediments (Kohn et al. 1998; Hill et al. 2004; Riedel et al. 2006) ; and 3) the occurrence of chemically precipitated authigenic carbonates with depleted carbon isotope values (Hathaway and Degens 1969; Kulm et al. 1986; Paull et al. 1992; Lein 2004) .
Intensive marine surveys were conducted in 2004 -2005 in the syn-collision accretionary prism of the Kaoping Slope (Fig. 1) to assess the gas hydrate potential offshore of SW Taiwan. Here we report the spatial occurrences of tubeworms, pyrites, and authigenic carbonates and their carbon isotopes in surface and core sediments. The preliminary results are discussed to assess the potential locations of active cold seeps, which may be related to gas hydrate dissociation in the deep sediments off SW Taiwan.
GEOLOGICAL SETTING AND STUDY METHODS
The Kaoping Slope off SW Taiwan (Reed et al. 1992; Liu et al. 1998) represents the modern accretionary prism east of the Manila Trench (Fig. 1 ). This part of the accretionary prism has been developing since the latest Miocene during the collision between the Luzon arc of the Philippine Sea Plate and the Asian continental margin off SE Taiwan (Huang et al. 1997 (Huang et al. , 2000 . The syn-collision accretionary prism is primarily composed of NW-trending folds and faults between the Manila Trench and the N-S-running pre-collision accretionary prism Hengchun Ridge (Fig. 1) . The syn-collision accretionary prism changes its structural trend progressively from a NW-SE strike south of 22°15'N to a N-S/NNE-SSW direction when it approaches Taiwan ( Fig. 1 ; Reed et al. 1992; Liu et al. 1993 Liu et al. , 1998 . This deformed offshore fold-and-thrust belt is finally exposed northward as the Western Foothills, southern Taiwan (Fig. 1) . Mud diapir-like structures have been documented from the Kaoping Slope (Sun and Liu 1993; Chow et al. 2000; Chiu et al. 2006) . Today, methane expulses from the mud volcanoes aligning in the NNE-SSW direction along the active thrust faults in the frontal Western Foothills on Taiwan (Shih 1967; Yang et al. 2004 ). For its geological continuity from the on-land Western Foothills to the offshore Kaoping Slope, it is highly conceivable that there could be some active mud volcanoes or cold seeps in the syn-collision accretionary prism Kaoping Slope off SW Taiwan. More than 950 surface sediment samples and 49 cores (Table 1) collected from the Kaoping Slope in water depth ranging from 100 to 1500 m are used in this study (Fig. 2) . Major faunal and mineralogical components of the sediments, such as foraminifers, tubeworms, mollusks, ostracods and pteropods, pyrites, gypsum and carbonate, are picked up from the washing residues ( > 150 micron) of the frozen dry sediments for further study. Core top sediments are carefully checked to make sure whether they are preserved under aerobic condition, and are then cross-checked with the preservation state of foraminifers. The foraminifers in the core top sediments are generally shown by their brownish color on their test surfaces due to oxidation in an aerobic environment. The relative abundance of pyrite, foraminifers, tubeworm remains and authigenic carbonate nodules in each washing residue is verified semi-quantitatively under stereomicroscope ( × 60).
The non-invasive LVSEM-EDS technique (JEOL JSM-6360LV SEM equipped with an EDS Oxford Instruments, INCA-300; Iizuka et al. 2005 ) is used to determine the chemical compositions of the metasoma segment of the pogonophoran tubeworms. Before SEM observation, samples were well cleaned with distilled water for several hours in an ultrasonic bath to remove dust and soil from their surfaces. Each sample was then rinsed in ethanol, and dried in an oven overnight at 75°C at the Institute of Earth Sciences, Academia Sinica in Taipei. The chemical composition of elements with amounts greater than 1% by weight was analyzed with a 1 µ m electron beam spot for 100 seconds. The quantitative data were corrected using the x-ray intensities of synthetic minerals as standards.
Isotope analyses of carbonate samples were made in the Stable Isotope Laboratory of National Cheng Kung University (NCKU), Taiwan, using a Finnigan Delta XP mass spectrometer equipped with a Kiel III automatic device for sample loading. Each sample is placed in a reaction vial and five drops of 100% H PO 
RESULTS

Occurrences of Pogonophoran Worm Tubes
Pogonophoran and vestimentiferan tubeworms are characteristic chemosynthetic community organisms living in cold seep and in hydrothermal smoker regions (Southward et al. 1981; Kulm et al. 1986; Dando et al. 1994; Sibuet and Olu 1998; Fleischer et al. 2001) . They lack mouth and internal digestive system (Ivanov 1963; Jones 1985) , indicating that these tubeworms must host some chemoautotrophic bacteria and are thereby fed on energy released by the oxidation of sulfides or methane (Southward et al. 1981; Felbeck 1981; Schmaljohann and Flügel 1987; Scott and Fisher 1995) . They live commonly in abyssal plains ( > 3000 m), but some species can live at littoral depth (Ivanov 1963) . Tubeworm of Pogonophora is composed of three segments: protosoma, mesosoma and metasoma. The remains of Pogonophora, especially its relatively soft potosoma and mesosoma, are not well preserved in sediments after death due to the relatively quick decomposition of chitin. In comparison, the carbonate metasoma of vestimentiferan can be preserved in marine sediments, especially those encrusted on hard grounds like authigenic carbonates (Goedert et al. 2000) . The morphology of metasoma suggests that there are at least two distinct species of Pogonophora in the study area (Fig. 3) . Species A (Fig. 3a) and species B (Fig. 3b) are characterized by a soft, light brown metasoma tube without any ring in the former (Fig. 3a) but with distinct regular rings in the latter (Fig. 3b) . The composition of the metasoma of both species is non-calcareous (Fig. 4) , and is suggested to be made of chitin. In addition, a peculiar and unidentified organism (Figs. 3c, d ) with a relatively hard, whitish metasoma tube with short spines in the outer surface of the tube was found in some samples. Both the metasoma and the spines are calcareous as revealed by EDS analyses (Fig. 5) .
In the Kaoping Slope, remains of Pogonophora are found in the surface sediment sites of water depths ranging from 800 to 1500 m, with the exception of one site (Fig. 6) . Although the pogonophoran remains are found in sites both east and west of the submarine Kaoping Canyon, most of the sites are concentrated west of the Kaoping Canyon. Pogonophoran remains are unusually abundant at Station G24 (Fig. 3e) .
Occurrences of Pyrite Tubes
On the ocean floor, when methane expulses, sulfate reduction and anaerobic methane oxidation result in the formation of HS -and H S 2 (Eqs. 1, 2), and the sulfides further react with iron oxides in pore water to form FeS and Fe S 3 4 , and finally FeS 2 (Eqs. 3, 4, and 5). Sulfate reduction:
Anaerobic methane oxidation:
Formation of pyrite:
Fe S + 2S 3FeS
Off SW Taiwan, authigenic pyrites appear in three different occurrences: (I) fillings within foraminiferal chambers or replacements of molluscan shells (I in Fig. 7a) ; (II) as cements between calcareous microfossils or molluscan fragments (II in Fig. 7a) ; and (III) formation of elongated tubes (III in Fig. 7a ). The pyrite tubes, 2 -3 cm in length and 0.2 -0.3 cm in width are porous in the center and outer surfaces (Figs. 7b, c) . Similar elongated pyrite tubes are also found in the Hydrate Ridge of the Cascadia accretionary wedge off Oregon where dissociation and formation of gas hydrate on the seafloor display contemporaneously (Suess et al. 2001) , and in the Dongsha area of the northern slope of the South China Sea, where active cold seeps have been suggested (Chen et al. 2005) . The authigenic pyrites occur in surface sediments of sites with water depths greater than 800 m (Fig. 8) and in down-core sediments of various depths for many cores (Fig. 9) . Among them, the occurrence of pyrite tubes in the surface sediments (Fig. 8) is especially significant in assessing the potential locations of cold seeps because pyrites can be formed only under reducing condition. Since the bottom water off SW Taiwan is aerobic with dissolved oxygen content (DO) of 100 µ M at the DO minimum depth of 800 -1000 m and 120 µ M at 2200 m (Lin et al. 1999) , there must exist local reducing environments on the sediment surface to enable the chemical reactions for the formation of pyrites. Such local reducing environments are likely created from expulsions of methane from the deep sediments along some geological fractures such as faults. For both surface and subsurface sediments, elongated pyrite tubes are abundant in cores west of the Kaoping Canyon in water depths of 1000 -1500 m (Fig. 9) . They are especially abundant in cores G22P and MD052911, while the latter core also contains authigenic carbonate nodules in the deeper section (Fig. 10) .
Occurrences of Authigenic Carbonate Nodules
In cold seep sites, sulfate reduction and oxidation of methane under anaerobic conditions would result in the formation of bicarbonate (Eqs. 1, 2). Bicarbonate then reacts with calcium ions in porewater or seawater to precipitate authigenic carbonate in the upper part of the sediment column as carbonate nodules or carbonate pavements (Eq. 6):
The chemical precipitation of carbonate is also closely related to microbial activity (Valentine 2002) . Since the carbon in the authigenic carbonates is mainly derived from methane of either biogenic or thermogenic origin, the carbon isotope values of the authigenic carbonate is highly depleted (-100 ~ -30 0 00; Hathaway and Degens 1969; Lein 2004) . The occurrence of authigenic carbonates with low δ 13 C values thus becomes one of the best indicators to assess the potential site of cold seeps.
Authigenic carbonate nodules were found in surface and subsurface sediments of 5 sites in water depths of 800 -1500 m off SW Taiwan (Fig. 11) . These authigenic carbonate nodules are characterized by: 1) irregular shapes and sizes; 2) whitish color; 3) fine micrite; 4) minor content of dolomite, pyrite and elemental sulfur; 5) absence of visible mega-fossils; 6) occurrences of open voids; and 7) depleted carbon isotope values (Fig. 12) .
In the giant piston core MD052911 (22°15.617'N, 119°51.079'E, water depth 1076 m), authigenic carbonate nodules were recovered at core depths between 20 and 25 m (Fig. 10) . Carbon isotope values of these authigenic carbonate nodules are highly depleted with values between -54 and -46 0 00 (Table 2) Table 2 ), all suggesting a methane source of carbon. Local hard grounds of carbonate pavement might exist on the seafloor at these three stations, therefore the piston cores cannot penetrate much into the sediments and only a few carbonate nodules on the seafloor were recovered in core catchers. 
DISCUSSION: POTENTIAL SITES OF COLD SEEPS IN SYN-COLLISION AC-CRETIONARY PRISM OFF SW TAIWAN
Occurrences of pogonophoran/vestimentiferan tubeworm remains, elongated pyrite tubes and authigenic carbonate nodules could all be used to some extent to infer cold seeps on the ocean floor. Yet, their distribution patterns vary. In the surface sediments, occurrences of pogonophoran tubeworm remains (Fig. 6 ) and elongated pyrite tubes (Fig. 8) have similar distribution patterns and water depth ranges (800 -1500 m). However, pogonophoran tubeworms with chitin are hardly preserved in sediments after a long history of burial, and their remains are not abundant in sediments except for samples in core G24 (Fig. 3e) . In comparison, elongated pyrite tubes are much more abundant in sediments (Fig. 9) . As in the situation for the authigenic carbonate nodules, the cores with abundant elongated pyrite tubes distribute mainly in water depths of 1000 -1500 m, especially in the area west of Kaoping Canyon off SW Taiwan (Figs. 9, 11) . Although the number of locations with authigenic carbonates is fewer than that with pyrite tubes, each sample with authigenic carbonates always contains abundant elongated pyrite tubes (Fig. 10) . We use the occurrence and distribution patterns of tubeworms, Fig. 11 . Distribution of authigenic carbonate ( ) in studied cores. Table 2 ).
elongated pyrite tubes and authigenic carbonate nodules as criteria to assess the potential cold seep sites (three categories) in the area off SW Taiwan ( Fig. 13 ):
1. Category I: low potential cold seep area. This is a region with water depth shallower than 800 m. With the exception of one site, none of the tubeworms, pyrite tubes and authigenic carbonate nodules was found in surface or subsurface sediments of the various cores. 2. Category II: medium potential cold seep area. This is the region with water depths of 800 -1500 m east of the Kaoping Canyon. Tubeworms, elongated pyrite tubes and authigenic carbonate nodules have been found in a few sites of this region. 3. Category III: high potential cold seep area. This is the region with water depths of 800 -1500 m west of the Kaoping Canyon. Tubeworms, elongated pyrite tubes and authigenic carbonate nodules have been found in many sites of this region. The high potential cold seep area (Category III) west of the Kaoping Canyon is within the region of typical fault-and-thrust structures. The cold seep sites tend to be located at the anticline hinge zone immediately east of the associated thrust faults in water depths of 800 -1500 m (Fig. 13) . Additional pieces of evidence in support of this region as active cold seep sites are the occurrences of distinct BSRs, shallow SMI and high concentration of dissolved methane in the bottom water (Chi et al. 1998; Chuang et al. 2006; Lin et al. 2006; Liu et al. 2006; Yang et al. 2006) .
Although the methane seeping in the potential sites of the Kaoping Slope could originate from biogenic source, the preliminary data so far are not sufficient to ascertain the potential occurrence of gas hydrate in the syn-collision accretionary prism Kaoping Slope. More investigations are needed in the near future to evaluate that potential: side scan sonar images, camera-guided in situ sampling and seafloor images by remotely operated vehicles and biological study on the chemosynthetic community associated with methane venting.
CONCLUSIONS
The potential locations of active cold seep sites in the syn-collision accretionary prism Kaoping Slope off SW Taiwan have been evaluated by three criteria: occurrences of pogonopho- ran tubeworms, elongated pyrite tubes and authigenic carbonates with depleted carbon isotope values. At least two species of Pogonophora tubeworms are found in the study area in water depths of 800 -1500 m. The porous and elongated pyrite tubes are commonly observed in surface and core sediments, suggesting the existence of local reducing environment although the bottom water is aerobic. Authigenic carbonate nodules with depleted carbon isotope (-54 -46 0 00) were found at 5 localities, suggesting active venting. These areas are also characterized by bearing distinct BSRs, shallow SMI and high concentrations of dissolved methane in bottom water. To assess the potential active cold seep sites off SW Taiwan for more detailed studies, the investigated area is classified into three categories: low potential area in water depth less than 800 m, medium potential area with water depths of 800 -1500 m east of the Kaoping Canyon, and high potential area with water depths of 800 -1500 m west of the Kaoping Canyon. The high potential active cold seeps are located in several anticline hinge zones immediately east of thrust faults in the frontal accretionary prism Kaoping Slope with typical fault-and-thrust structures east of the Manila Trench off SW Taiwan.
